We propose a statistical method for decomposition of contributions to iron production from various sources: supernovae Type II and the subpopulations of supernovae Type Ia -prompt (their progenitors are short-lived stars of ages less then ∼100 Myr) and tardy (whose progenitors are long-lived stars of ages >100 Myr). To do that, we develop a theory of oxygen and iron synthesis which takes into account the influence of spiral arms on amount of the above elements synthesized by both the supernovae Type II and prompt supernovae Ia. In the framework of the theory we processed statistically the new more precise observational data on Cepheids abundances, which, as it is well known, demonstrate nontrivial radial distributions of oxygen and iron in the Galactic disc with bends in the gradients. In our opinion, such fine structure in the distribution of the elements along the Galactic disc enables to decompose unambiguously the amount of iron into 3 components produced by the above 3 sources of it. Besides, by means of our statistical methods we solve this task without of any preliminary suppositions about the ratio among the portions of iron synthesized by the above sources.
INTRODUCTION
In the present paper, we extend the statistical method, proposed by Acharova et al. (2011) for analysis of the radial distribution of oxygen in the Galaxy Milky Way, to explain the nontrivial distribution of iron along the Galactic disc, revealed in a series papers by Andrievsky et al. (2002 a,b,c) and Luck et al. (2003; . This problem is of great importance not only for the chemical evolution of the Galactic disc and the history of star formation, but also for the search of independent restrictions on the models of supernovae, especially SNe Type Ia (SNe Ia) whose outstanding role in discovery of accelerated expansion of the Universe is well known (Riess et al. 1998; Perlmutter et al. 1999) .
According to the cited papers of Andrievsky, Luck and their collaborators the spectroscopic study of heavy element abundances in Cepheids demonstrate that, in the Milky Way, the radial distributions both oxygen and iron are to be described by a multi-slope function rather than by a linear one. For instance, the distribution of oxygen along the Galactic disc is characterized by a steep gradient in the inner part of the disc for Galactocentric radii 5 r 7 kpc and a plateau-like distribution for r > 7 kpc and up to 10 kpc (for the solar Galactocentric distance r0 the value 7.9 kpc is adopted), so that at r ∼ 7 kpc there is an inflection in the slope of the distribution.
This fine structure of the radial distribution of oxygen was first explained by Acharova et al. (2005 a,b) . For this, they took into account the influence of spiral arms since oxygen is mainly synthesized during explosions of SNe Type II (SNe II) which are strongly concentrated in spiral arms. As it was shown in the last papers the combined effect of the corotation resonance and turbulent diffusion results in formation of the radial distribution of oxygen in the Galactic disc with the bend in the slope.
But some time ago it was difficult to explain the similar behavior of iron along the Galactic radius by means of the same mechanism since it is generally agreed that ∼ 70 % of iron is synthesized during SNe Ia explosions and only ∼ 30 % is produced by SNe II (Matteucci 2004 ). The point is that the progenitors of SNe Ia were thought to be of ages of the order of several billion years. Before outbursts, after such a long period of time they have to be dispersed over a very large portion of the Galactic disc . Hence, if all precursors of SNe Ia would be old stars, they did not keep in their memory that they were born in spiral arms. So, we could not expect any noticeable influence of spiral arms on the radial distribution of iron unless to increase significantly the output of iron per one SNe II event which would entail serious consequences in the theory of pre SNe II evolution.
The opportunity to solve simultaneously the problem of formation of the above fine structure in the radial distribution both oxygen and iron was offered when it has become evident that there exist two subpopulations of SNe Ia precursors -short-lived and long-lived. They were called 'prompt' and 'tardy', respectively (see, e.g., Mannucci et al. 2005; Aubourg et al. 2008; Brandt et al. 2010; Maoz et al. 2011; Li et al. 2011) . Acharova et al. (2010) incorporated the results of Mannucci et al. (2006) and Matteucci et al. (2006) in their theory and explained the formation of the above fine structure of iron radial distribution in the Galactic disc. Besides, the discovery of the 2 subpopulations of SNe Ia enables to understand their concentration in spiral arms first revealed by Bartunov et al. (1994) . Nevertheless, several questions arise. First, to decompose the contributions of the above 3 sources to iron synthesis, Acharova et al. (2010) assume that SNe II and the two subpopulations of SNe Ia supply to the present ISM approximately equal portions of iron. In a certain sense, it is a rather arbitrary supposition. However, the extension of the statistical method proposed by Acharova et al. (2011) enables to estimate the contributions to iron production from various Types of SNe independently of any preliminary suppositions. Second, the estimations for ages of prompt progenitors of SNe Ia (denote them as SNe Ia-P) vary from ∼ 100 Myr and up to ∼ 400 Myr or even more, depending on used methods of data processing and observational material. Can the radial distribution of iron along the Galactic disc apply restriction on the age of SNe Ia-P precursors? Third, for the so-called 'DTD' (Delay Time Distribution) function 2 were proposed two different approximations: a bimodallike (e.g., Mannucci et al. 2006; Matteucci et al., 2006) and smooth one peaked at early times (e.g., Maoz et al. 2010) . How do such different representations for DTD function result in metallicity distribution along the Galactic disc and the amount of iron synthesized by various Types of SNe? The answer this question, perhaps, will impose additional constraints on the models of SNe Ia which have not been fully built, as yet.
At the time, the discussed discovery poses a problem for cosmology, as well. Indeed, if the population of SNe Ia is inhomogeneous, can we consider them as standard candles (Maeda et al. 2010) ? In any case to reach the necessary accuracy for constraining dark energy, one has to take into account some corrections which may depend on various parameters (Aubourg et al. 2008) . So, any additional constraints on metallicity production by various types of heavy elements sources may occur to be very useful.
It is also important to notice that, in the present paper, we use new much more precise determinations of oxygen and iron abundances in Cepheids.
BASIC IDEAS AND EQUATIONS

Equations for the formation of the fine structure of oxygen and iron radial distribution along the Galactic disc
The chemical evolution of the Galactic disc is governed by the following equations: 
where µO and µF e are the surface mass densities for oxygen and iron, respectively, µg is the gaseous density, Zi = µi/µg is the fraction of the ith element (oxygen or iron) in ISM, Z Of and Z F ef are the oxygen and iron abundances in the infall gas (for the both elements we adopt Z if = 0.02Zi⊙: our experiments with various abundances of the infall gas from Z if = 0.02 Zi⊙ to 0.1 Zi⊙ show that the final abundances weakly depend on the exact value of Z if if it is less than 0.1 Zi⊙, see also Lacey & Fall 1985 . Below we demonstrate the results for Z if = 0.02Zi⊙ which is slightly less than the mean content of heavy elements in halo stars, ∼ 0.03 Zi⊙, Prantzos 2008),
is the star formation rate (SFR), ν is a normalizing coefficient, φ(m) is Salpeter's initial mass function with the exponent of -2.35 (stellar masses m are in solar units), E II i are the rates of the ith element synthesis by SNe II, E Ia−P F e and E Ia−T F e are the rates of iron synthesis by prompt and tardy SNe Ia, respectively, 3 f is the infall rate of the intergalactic gas on to the Galactic disc
r d = 3.5 kpc is the radial scale, t f is a typical time-scale of gas fall on to the Galactic disc, or in other words, the time-scale of the Galactic disc formation, u is the microscopic radial gas velocity (radial inflow) within the Galactic disc, t is time (in Gyr), τm is the life-time of a star of mass m on the main sequence: log(τm) = 0.9 − 3.8 log(m) + log 2 (m), mL = 0.1, mU is the upper stellar mass (usually we adopt mU = 70, see below), mw is the mass of stellar remnants (white dwarfs, neutron stars, black holes: for m 10 the mass of a remnant is mw = 0.65m 0.333 ; in the range 10 < m < 30 mw = 1.4; if 30 m < mU the remnant is a black hole with mw = 10; finally for m mU the stars are black holes right away from their birth and they are removed from the nucleosynthesis and returning the mass to ISM). The last terms on the right-hand sides of Eqs. (1,2) describe the turbulent diffusion of heavy elements with the diffusion coefficient D. To estimate the coefficient we model the turbulent ISM by a system of clouds and use the gas kinetic approach (for details see Mishurov et al. 2002; Acharova et al. 2010 ).
The enrichment rates E II i of the ISM by the ith heavy element due to SNe II explosions are described by the same expressions:
where P II i is the mean mass (in solar units) of ejected oxygen or iron per one SN II explosion,
is the rate of SNe II events. The factor η was introduced in order to take into account the influence of spiral arms. Following the idea, first proposed by Oort (1974) and used by Portinari & Chiosi (1999) and Wyse & Silk (1989) , we write
where Ω(r) is the angular rotation velocity of the galactic disc, ΩP is the rotation velocity of the wave pattern responsible for the spiral arms, Θ is a cutoff factor (Θ = 1 in the wave zone, i.e. between the inner and outer Lindblad resonances, and Θ = 0 beyond them), β is a normalizing coefficient which we call as the constant for the rate of oxygen synthesis (for details see Mishurov et al. 2002; . Let us now turn to the synthesis of iron. In equation (2) the rates of enrichment of the Galaxy by iron due to SNe Ia-P and SNe Ia-T events are explicitly separated (E Ia−P F e and E Ia−T F e , respectively). Being young objects, SNe Ia-P are believed to be concentrated in spiral arms. Hence, in addition to SNe II, they represent a complementary channel by means of which spiral arms influence the formation of multi-slope gradient of iron distribution in the disc. Therefore, by analogy with the representation for the enrichment rates due to SNe II events, E Ia−P F e has to contain the factor η. So, the contribution of SNe Ia-P to the enrichment rate of the Galaxy by iron is governed by the following expressions:
where γ is a correction factor, P Ia F e and R Ia−P have the same sense as the corresponding quantities for the SNe II,
R
Ia−P (r, t) = 0.00711
DP is the DTD function for prompt SNe Ia, τ8 is the life-time for a star of mass m = 8. Unlike prompt SNe Ia, SNe Ia-T do not concentrate in spiral arms since their precursors are long-lived objects. That is why the η-like factor is absent in the expression for E Ia−T F e . Therefore, the contribution to iron enrichment of the ISM by tardy SNe Ia is described by the following formula:
Here unlike the above, ζ is a constant since this type of subpopulation of SNe Ia is not concentrated in spiral arms. So, they do not keep in their memory that they were born in spiral arms. The corresponding rate for SNe Ia-T events is represented as follows:
where DT is the DTD function for SNe Ia-T. Let us specify, what we mean saying prompt SNe Ia. In Mannucci et al. (2006) and Matteucci et al. (2006) model the prompt and tardy subpopulations of SNe Ia are clearly separated since their DTD function is bimodal: the first group of objects has the delay time τ < τS, the second one corresponds to τ > τS. The critical time which serves as the boundary between the above subpopulations, τS, happens to be ∼ 0.1 Gyr [more exactly τS = 10 7.93 yr ≈ 0.085 Gyr, Matteucci et al. 2006; see equations (7,8) and figure 2 therein].
On the other hand, the above critical time τS ∼ 0.1 Gyr can be considered as a boundary delay time which divides prompt SNe Ia from tardy ones in the case of smooth DTD function, proposed, e.g., by Maoz et al. (2010) . Indeed, the typical time, necessary for a star to cross the interarm distance, is ∼ π/|Ω − ΩP | > 200 Myr (in the vicinity of the corotation resonance, where Ω → ΩP , the crossing time → ∞). So, we may adopt that, if the age of SNe Ia progenitor (i.e., delay time τ ) is less than τS ∼ 0.1 Gyr the corresponding SNe Ia are concentrated in spiral arms. In other words, the objects belong to subpopulation SN Ia-P.
The above division is very important: as it will be shown below, the multi-slope gradient of iron distribution along the Galactic disc may be explained by the influence of spiral arms only if a significant portion of SNe Ia is concentrated in spiral arms. Hence, we believe that SNe Ia-P have to be sufficiently young, no older than ∼100 Myr.
Below we consider two types of approximating representations for the DTD function.
1) Bimodal DTD function of Matteucci et al. (2006) : log(DP ) = 1.4 − 50[log(τ ) + 1.3]
2 ) for τ τS and log(DT ) = −0.8 − 0.9[log(τ ) + 0.3] 2 for τ > τS, τS = 0.085 Gyr.
From the above representation it is seen that DP has a very sharp maximum at τmax ≈ 0.05 Gyr due to the large parameter [= 50 ln(10) ≈ 115]. So, the main contribution to the integral for R Ia−P brings the region of τ close to τmax. Hence, the integral may be estimated asymptotically by means of Laplace method.
2) Smooth DTD function of Maoz et al. (2010) . In this model we use a power-like DTD function (DT D ∝ τ −1.2 ), proposed in the cited paper. However, we slightly modify it for small time, say, τ < 0. 2 } for τ < 0.045 Gyr. In this model, as SNe Ia-P we consider the stars for which the delay time τ < 100 Myr. Otherwise we refer the stars to SNe Ia-T.
As it was noticed in Introduction, Cepheids in our sample are very young: their ages usually do not exceed 100 Myr (see Table 1 in Appendix). So, they give the distribution of abundances in ISM almost at present epoch. And it is important, since the above chemical equations describe the evolution of the abundances of heavy elements in ISM. Therefore, by means of our chemical equations we have to compute the theoretical distributions of oxygen and iron for the present moment of time t = TD = 10 Gyr (TD is the age of the Galactic disc) and compare the theoretical distributions with the observed ones. To do that we have to transform our final Zi to metallicities: [Xi/H] th = log(Zi/Zi,⊙), where Zi,⊙ is the abundance of oxygen or iron for the Sun. The corresponding values for Zi,⊙ were adopted according to Asplund et al. (2009) .
The fundamental feature of the above equations for the chemical evolution of the Galactic disc is that they result in formation of the nontrivial radial distribution of the elements in the Galactic disc. Indeed, from the galactic density wave theory of Lin et al. (1969) it is known that the spiral wave pattern, responsible for spiral arms, rotates as a rigid body (ΩP = const) whereas the galactic matter rotates differentially (the rotation velocity of the Galactic disc Ω is a function of the Galactocentric distance r; to compute the rotation curve we use CO data of Clemens 1985, adjusted them for r⊙ = 7.9 kpc, see Acharova et al. 2010) . The radius rc, where both the velocities coincide [Ω(rc) = ΩP ], is called the corotation radius. From the above expression for η it is obvious that in the vicinity of the corotation radius the enrichment of ISM by SNe II and SNe Ia-P is depressed since here the difference |Ω − ΩP | → 0. The combined effect of the corotation resonance and turbulent diffusion results in formation of the radial distribution of heavy elements with the slope which varies along the galactocentric radius.
For completeness we also include in our theory the radial gas inflow within the Galactic disc [see the divergent terms in the last lines of equations (1,2)]. For the radial velocity u(r) we adopt the same model representations as in the paper by Acharova et al. (2011) .
Equations (1,2) are the ones in partial derivatives. So, besides the initial conditions (at t = 0 the initial values µi = µg = 0) we adopt the so-called natural conditions of the finiteness of the solutions at the Galactic center and at the Galactic disc end, rG (for models with radial gas inflow we locate the Galactic end at rG = 35 kpc, in the case u = 0 the value rG = 25 kpc is adopted).
Strictly speaking the full system of equations for the Galactic chemical evolution includes also the equations for the disc formation, which describe the exchange by mass among the intergalactic matter, gaseous and stellar components. However, we do not write them since they and their solutions are the same as in Acharova et al. (2011, see figure 1 therein). We only notice that according to the last paper, the short time-scale of the Galactic disc formation, t f ∼ 2 Gyr, fits the best both to the observations of low present rate of gas infall on to the Galactic disc, ∼ 0.1-0.2 M⊙yr −1 , and the star formation rate which is expected to be of the order of magnitude higher (Sancisi & Fraternali 2008 , Bregman 2009 , Robitaille & Whitney 2010 . So, for the Galactic disc formation we adopt the results of Acharova and collaborators [the values of constants A and ν for various models of inflow, i.e. u(r), see in Table 1 of their paper].
Statistical method
The above system of equations for chemical evolution of the Galaxy has 4 free parameters: β, ΩP , γ and ζ. To derive them we try to fit the theory to observations minimizing the merit function (or discrepancy) ∆
over the above free parameters. Here [X/H] = log(NX /NH )s − log(NX/NH )⊙, NX and NH are the numbers of atoms of the element X and that of hydrogen in the object, respectively, the first term on the right-hand side of the last relation refers to a star, the second one -to the Sun, the superscript 'ob' corresponds to the observational and 'th' to theoretical data, the symbol ... means that we apply our theory to a group of stars which fall into a bin centered at the ith Galactocentric radius r, wi is the weight, n is the number of bins, p is the number of the sought for free parameters, the summation is taken over all ith bins of the Galactocentric radius where the abundances of the elements were measured.
To estimate the errors of the sought for parameters we compute the confidence (at the level 95 %) contour
where ∆m is the minimal value for the discrepancy, F is Fisher's F statistics (see Draper & Smith 1981 ).
Below we show that the process of the statistical treatment of observational data may be divided into two steps. Indeed, as it was noticed in Sec. 2.1 we can neglect by the contribution of SNe Ia to oxygen synthesis. Hence, the values ΩP and β can be derived independently of other two target parameters γ and ζ since the last 2 quantities do not enter the corresponding equations describing oxygen production.
So, at
Step 1 we analyze the oxygen distribution to evaluate ΩP and β. For this, we solve equations (1,3-7) for a set of ΩP and β. After that we construct the surface ∆ as a function of ΩP and β (p = 2), find out the minimum of ∆ which determines the best values for the above parameters and compute the corresponding confidence contour for them.
At
Step 2 the radial distribution of iron is analyzed. Now we seek for the last 2 free parameters, γ and ζ. The idea for evaluation them is similar to the method used at the previous step, that is, we solve equations (2-11), describing iron synthesis, for a set of γ and ζ, consider ΩP and β as have been derived at previous step, than compute the discrepancy between the theoretical and observed distributions of iron as a function of γ and ζ, again construct the surface of ∆, but now as a function of γ and ζ, look for its minimum which gives the best values for γ and ζ.
However, at this step we have to take into account that the equations, describing the synthesis of iron, contain the parameters ΩP and β, obtained independently at the previous step. Therefore we have to take into account the influence of their errors on biases and errors in γ and ζ. For this, we propose a kind of numerical experiment (see Sec. 4).
Above we discussed the methods of estimation the statistical errors for the free parameters. But there is a source of errors which have another nature, namely: the uncertainties in oxygen and iron yields. As starting values, in our computations, we adopt the masses of oxygen and iron, ejected per one SN event, from Tsujimoto et al. To feel the answer this question, first, let us look at the structure of the rate for oxygen enrichment: from equation (5) In turn, the enrichment rates for iron by SNe Ia are proportional to products βγP Ia−P F e for prompt and ζP Ia−T F e for tardy objects [see equations (8, 10) ]. So, it is obvious, the variation in mass of oxygen (!), ejected during SNe II explosions, influences the output of iron due to SNe Ia-P, since the corresponding enrichment rates by iron for SNe II and SNe Ia-P have close functional representations along the Galactic radius. But the amount of iron supplied by SNe Ia-T does not change. In other words, in this case, we should have a redistribution of amount of iron among the 3 sources of it.
Consider the second possible case: P
II
O is equal to the starting value but P II F e is changed. Hence, the enrichment rate E Ia−P F e has to be inversely changed in order to compensate the variation in the rate of iron enrichment due to SNe II, but again we do not expect any significant variations in the amount of iron synthesized by SNe Ia-T.
At last, in the third case, let us consider the result if P Ia F e for SNe Ia-P and SNe Ia-T are different, but other ejected masses are equal to the starting values. It is easy to see that the final amounts of iron supplied by all Types of SNe will not change at all. Only constants γ and ζ will alter in order the products γP Ia−P F e and ζP Ia−T F e do not change relative to the starting case.
In Sec. 4 we illustrate the discussion of this problem by some results of our numerical experiments.
After evaluation of the free parameters we compute the amount of iron synthesized by each type of its sources.
OBSERVATIONAL DATA
In the present paper, we use the most extensive spectroscopic (only) data on oxygen and iron abundances derived for classical 283 Cepheids (872 spectra in total). A part of the data were previously published (Luck et al. (2011) and references therein). For completeness we give the data in Table 1 (see Appendix) . Below we describe briefly our methods and analysis of spectra.
Spectral material
The spectra of additional Cepheids were obtained using the facilities of the 1.93 m telescope at the Haute-Provence Observatoire (France) equipped withéchelle-spectrograph ELODIE. In the region of wavelengths 4400-6800Å the resolving power was R=42 000, the signal-to-noise ratio, S/N, being about 80-130. The initial processing of the spectra (image extraction, cosmic particles removal, flatfielding, etc.) was carried out following to Katz et al. (1998) . Also we useéchelle-spectrograph SOPHIE at this telescope, the spectra stretch from 3870 to 6940Å in 39 orders with resolution R=75 000.
Some spectra of Cepheids were obtained with the fibeŕ echelle-spectrograph HERMES mounted on the 1.2 m Belgian telescope on La Palma. A high-resolution configuration with R= 85 000 and wavelength coverage 3800-9000Å is used. The spectra were reduced using a Python-based pipe-line, following a procedure of the order extraction, wavelength calibration using Thr-Ne-Ar arcs, division by the flat field, cosmic-ray clipping, and the order merging. For more details on the spectrograph and the pipe-line see Raskin et al. (2011) .
We also made use of spectra obtained with the UltravioletVisual Echelle Spectrograph (UVES) instrument at the Very Large Telescope (VLT) Unit 2 Kueyen (Bagnulo et al. 2003) . All supergiants were observed in two instrumental modes, Dichroic 1 and Dichroic 2, in order to provide almost complete coverage of the wavelength interval 3000-10 000Å. The spectral resolution is about 80 000, and for most of the spectra the typical S/N ratio is 150-200.
Further processing of the spectra (continuum level location, measurement of the equivalent widths, etc.) was performed using the software package DECH20 (Galazutdinov 1992) . The equivalent widths were measured using the Gaussian fitting.
Atmospheric parameters
Effective temperatures for our program stars were established from the processed spectra using the method developed by Kovtyukh (2007) that is based upon T eff -line depth relations. The technique can establish T eff with exceptional precision. It relies upon the ratio of the central depths of two lines that have very different functional dependences on T eff , and uses tens of pairs of lines for each spectrum. The method is independent of interstellar reddening, and only marginally dependent on the individual characteristics of stars, such as rotation, microturbulence, metallicity, etc.
The microturbulent velocities, Vt, and surface gravities, log g, were derived using a modification of the standard analysis proposed by Kovtyukh & Andrievsky (1999) . As described there, the microturbulence is determined from the Fe II lines rather than the Fe I lines, as in classical abundance analyses. The surface gravity is established by forcing equality between the total iron abundance obtained from both Fe I and Fe II lines. Typically with this method the iron abundance determined from Fe I lines shows a strong dependence on equivalent width (NLTE effects), so we take as the proper iron abundance the extrapolated total iron abundance at zero equivalent width.
Kurucz's WIDTH9 code was used with an atmospheric model for each star interpolated from a grid of models calculated with a microturbulent velocity of 4 km s −1 Kurucz (1992) . At some phases Cepheids can have microturbulent velocities deviating significantly from that value; however, our previous test calculations suggest that changes in the model microturbulence over a range of several km s −1 has an insignificant impact on the resulting element abundances. The oscillator strengths used in this and all preceding Cepheid analyses of this series are based on an inverted solar analysis.
Distances, masses and ages of the Cepheids
The heliocentric distance, d, of a Cepheid is estimated in a usual way:
where Mv is the absolute magnitude, < V > is the mean visual magnitude, Av is the line of sight extinction, Av = 3.23E(B − V ) (pulsate periods, mean visual magnitudes, colors and E(B − V ) values are taken from Fernie et al. (1995) ; MV − P relation from Fouqué et al (2007) and Kovtyukh et al. (2008) ). To transform d to the galactocentric distance, r, of the Cepheid we use the Galactocentric solar distance r0 = 7.9 kpc. The masses and ages for our Cepheids are derived using P eriod − M ass relation from Turner (1996) and P eriod − Age relation from Bono et al. (2005) . Our estimates show that the ages of the most portions of Cepheids from our sample are less than 100 Myr. Only several stars are older, but in any case their ages do not exceed 130 Myr. Hence they did not undergo significant radial scattering. So, all Cepheids demonstrate the distribution of the elements in the ISM, almost at the Galactocentric radius, where we observe them at the present moment of time.
The table with the derived abundances and other parameters for all Cepheids is given in Appendix.
Radial distributions of oxygen and iron along the Galactic disc
For modeling, we divide the galactocentric radius in bins of some width and average the abundances within the bins over the stars which have fallen to the bin. As in our previous papers, in Fig.1 we show the radial distributions of the mean abundances for oxygen, [O/H] ob , and iron, [F e/H] ob , and their relation along the Galactic disc at step of 0.25 kpc, the bin width being equal to 0.5 kpc. Bars in the figure describe the scatter of the above mean abundances within the bin. In our statistic analysis, we adopt the weight wi [see equation (1)] to be inversely equal to the length of the bar in the ith bin.
Let us discuss some features of the distributions in figure 1. First of all, notice that the scatter of the mean abundances happens to be much less than the one which was computed on the basis of previous observational data of Andrievsky et al. (2002 a,b,c) and Luck et al. (2003 Luck et al. ( , 2006 ; see figure 1 in Acharova et al. 2010) . Such decrease in the scatter is obviously a result of improvement of the abundances determinations and increase in number of objects. However, at large Galactocentric distances the scatter happens to be much greater than in the inner region.
Further, the radial distribution of oxygen demonstrates sufficiently sharp inflection of the slope in the distribution at r ∼ 7 kpc. But for iron there is no such sharp bend in the gradient at the same Galactocentric distance. Nevertheless, it is obvious that the radial distribution of iron cannot be satisfactorily described by a trivial linear function.
At last, the distribution of iron is rather smooth up to r ∼ 13 kpc. New data do not show any visible gaps or jumps for smaller radii. The increase followed by the decrease in its content between 13 and 15 kpc takes place at approximately the same distance that of for oxygen although it is not so prominent and the both radial patterns differ in details. For instance, there is no noticeable variation in iron distribution at r ∼ 10.5 kpc where in oxygen distribution we see a rather sharp step-like decrease. In our opinion, the above peculiarities may be associated with some local effects, say, with a sudden fall of a pristine gas on to the Galactic disc at r ∼ 10 − 11 kpc or due to the Magellanic Stream at r ∼ 10 − 15 kpc. However, we will not try to explain them: in spite of our model is difficult from the mathematical point of view such local effects cannot be simply incorporated in our theory. That is why for the statistical analysis we restrict ourselves by the region r 10 kpc. So, the number n in equations (1,2) is n = 20. Since at the both steps (oxygen and iron analysis) p = 2, Fisher's statistics F (2, 18, 0.95) ≈ 3.55 (Draper & Smith 1981) .
RESULTS AND DISCUSSION
Step 1: Oxygen
We performed calculations for the same models of the radial gas inflow [i.e., for the dependences of u(r) of Acharova et al. (2011)] and the ejected mass of oxygen, P II O per one SNE II event of Tsujimoto et al. (1995) . Unlike our previous paper, new observational data unambiguously lead to the least value for the discrepancy ∆ (for oxygen we denote it as ∆ Comparing the above parameters with the ones from the last paper we see that the rotation velocity for the spiral density waves occurs to be the same (correspondingly, the corotation radius rc ≈ 7 kpc) whereas the coefficient β has decreased by about 20 per cent. Besides, the confidence contour has changed distinctly (see figure 2 ): now the axes of the ellipse are not parallel to the axes of ΩP and β. To indicate the confidence borders for the target parameters we adopt the following lower and upper values for them: ΩP = 32.9 − 34.2 km s −1 kpc −1 (correspondingly rc = 7.1 − 6.8 kpc); β = 0.0129 − 0.0122 Gyr (in figure 2 they are labeled by filled circles marked as 'A' and 'B'). For simplicity we adopt the symmetrical errors in β, so finally β = 0.0126 ± 0.0004 Gyr.
In figure 3 we show the theoretical radial distributions of oxygen computed for the best above parameters and for their values, corresponding to the extreme points of the confidence contour from figure 2 ('A' and 'B'), superimposed on the observational distribution. Within the radius range 5 r 10 kpc the coincidence of the theory with observations is excellent. Notice the very good agreement of the theory with observations both at r ∼ 7 kpc where there is the bend in the gradient slope and in the range of the flat (a plateau-like) oxygen distribution.
Our computer experiments confirm the statement, made in Sec. 2.1, that the radial distribution of oxygen, its full synthesized mass and ΩP do not change if we adopt another value for P II O . Only β alters but so as the product βP II O has to be kept the same.
Step 2: Iron
Oxygen is mainly synthesized during SNe II events. So, it is the most pure indicator of spiral arms influence on heavy elements synthesis in the Galactic disc. Besides, since we can neglect by the contribution of SNe Ia to its abundance, of the discussed two elements the kinetics of oxygen synthesis is simpler.
Unlike oxygen, iron is synthesized by SNe II, SNe Ia-P and SNe Ia-T. To estimate the contributions of each type of the above sources to the production of iron is more difficult problem than the one for oxygen. Indeed, to solve the posed task we have to derive the constants for the rates of iron synthesis by means of fitting our theory to the observed fine structure of the radial distribution of iron in the Galactic disc. Now we set out, in short, our method for evaluation of the free parameters γ and ζ. For this, first of all, notice that the enrichment rate of ISM by iron due to SN II explosions is described by the same relation (5) with the only substitution: P II i → P II F e . Since the constant β was derived at Step 1 the contribution of SN II to iron synthesis is determined entirely. Hence, we only need to derive the constants γ and ζ [see equations (8, 10) ] by means of fitting the theory to the observed radial distribution of iron. In a general way, the procedure of evaluation them is similar to the one for derivation of ΩP and β, namely, for the fixed values of ΩP and β we solve numerically the equations of iron synthesis in the Galactic disc, varying the sought for parameters γ and ζ. Then, using the theoretical and observational data for the radial distribution of iron, we again compute the net of the merit function ∆ Fe (the superscript 'Fe' means that the discrepancy refers to iron) as a function of γ and ζ, find out its minimum over γ and ζ (min ∆ Fe = ∆ Fe m ) and derive the confidence contour for them. To control the process, we construct the surface ∆ Fe (γ, ζ), an example of which is given in figure 4 for the best values of ΩP and β. In figure 5 we demonstrate the corresponding confidence contour for γ and ζ computed for the best values of ΩP and β. However, at this step we have to take into account that the quantities ΩP and β, derived at the previous step, have errors which may result in biases of the best values of γ and ζ and their errors. To solve this problem we made a numerical experiment, repeating the above procedure for various values of ΩP and β from their confidence contour and averaging γ and ζ and their errors.
Our computations show that γ and ζ and the disposition of the confidence ellipse for them change slightly if we use ΩP and β from their confidence region. Therefore, we test only the 7 pairs of values ΩP and β which are labeled by filled circles and by the cross in figure 2 .
As a result, we derive 7 pairs of values for γ and ζ corresponding to a particular minimum ∆ Fe m (denote them as γm and ζm) and to the largest deviations of γ and ζ corresponding to the points 'C' and 'D' in the last figure [denote them as (γC, ζC) and (γD, ζD)]. Averaging (γm, ζm) over the computed 7 results we find out the best values for the sought for parameters [denote them as ( γm , ζm ]. By analogy we compute the mean extremal confident values for them, correspondingly, the pairs ( γC , ζC ) and ( γD , ζD )).
In figure 6 is shown the comparison of the theoretical radial distribution of iron with the observations computed for the ejected mass of oxygen and iron from Tsujimoto et al. (1995) and supposing that SNe Ia-P and SNe Ia-T eject the same mass of iron per one event (i.e., P Ia−P F e = P Ia−T F e , see Sec. 2.2). Notice that in this figure we demonstrate the theoretical curve up to r = 13 kpc despite for the statistic analysis was treated only the region within 10 kpc. Nevertheless the agreement of our theory with the observations happens to be very good even in the extended region of Galactocentric radius.
In figure 7 is shown the theoretical relation for [O/F e] vs Galactocentric radius superimposed on the observations. As it was expected, the coincidence of the theory with observations again is good. This result independently demonstrates that the corotation resonance is located at the minimum of the radial distribution of the relation of oxygen to iron.
Let us now discuss the effects of using DTD function of Maoz et al. (2010) which, unlike the bimodal function of and Matteucci et al. (2006) , is smooth and peaked at early times (the corresponding approximation for the smooth DTD function see in Sec. 2.2). In figure 8 is shown the radial distribution of iron computed for the above smooth DTD function and the same ejected masses adopted from Tsujimoto et al. (1995) . It is seen that the distribution differs slightly from the one derived for the bimodal DTD of Mannucci et al. (2006) 
Amount of iron synthesized by various sources
Now we can answer the question: how much iron is synthesized by each Type of SNe during the life-time of our Galaxy?
Below we see that the mass of iron, synthesized by each Type of SNe for the period of life of the Galactic disc, differs from the corresponding masses which are kept in the present ISM.
6 Hence, saying the amount of iron supplied to the Galaxy by any Type of SNe we mean the mass which was synthesized by the corresponding SNe Type for the age of the Galactic disc. To compute these quantities (denote them as M However, the procedure for evaluation of the above masses of iron which occur in the present ISM differs from the one, described before. Indeed, equation (2) in the present ISM, we have to solve the corresponding equations separately for each type of iron sources, using the constants of the rates of iron synthesis evaluated at steps of fitting our theory to observations, and then integrate the derived µF e(r, TD) over the Galactic disc.
In all experiments, considered by us, the radial distributions of iron along the Galactic disc are very close to each other and the distribution shown in figures 6 and 7. That is why we do not demonstrate the distributions derived for other input parameters and restrict our discussion by numerical values given in Table 2 . Let us consider them in some details. Matteucci et al. (2006) In Cases 1 -5 we examine the bimodal DTD function of Matteucci et al. (2006) varying the ejected masses of oxygen or iron during SNe events and analyzing the results of such changes. The input parameters in Case 1 are considered as starting ones. For them we adopt the ejected masses per one SNe event from Tsujimoto et al. (1995) and outputs of iron from SNe Ia-P and SNe Ia-T are assumed to be the same (Matteucci et al. 2006 ). In the following 4 Cases we estimate the effects of variations of P II O or P II F e and the supposition 6 We neglect by the mass of iron which have fallen on to the Galactic disc with the infall gas during the life of the Galaxy since this mass happens to be ∼ 2.2 · 10 5 M ⊙ and is much less than the mass of iron produced by SNe.
Bimodal DTD function of
that P Ia−P F e = P Ia−T F e . Thus, in Case 2 we make an experiment with P II O = 1.8: this value was proposed by Tsujimoto et al. (1995) for the upper stellar mass mU = 50 M⊙ (in other Cases we use mU = 70 M⊙). To illustrate the effect of increase of the mass of oxygen ejected by one SNe II on iron output, in Case 3 we compute the amounts of iron for P II O = 3.7. This value is about 1.5 times greater than the starting one (notice that the ejected masses, derived by Woosley & Weaver 1995, are systematically greater than the corresponding value of Tsujimoto et al. 1995 just about 1.5 times). At last, in Case 5 we compute the final masses of iron if we adopt that P Ia−P F e = P Ia−T F e . However, since the completed theory for the two subpopulation of SNe Ia is not built, we use for illustration the largest and the least values from Nomoto et al. (1997) .
In the second row of Case 1, in parenthesis, are shown the random errors of β, γ and ζ evaluated by means of our statistical method and the errors for the masses of iron following from the above random errors in the constants for the rates of enrichment of the Galaxy by iron and oxygen. In other Cases the errors happen to be the same order of magnitude and we do not demonstrate them. Moreover, as it is seen from Table 2, sometimes the variations in the synthesized masses of iron due to uncertainties in the ejected masses, especially in P It is interesting to notice that in all Cases the portion of mass of iron, synthesized by SNe Ia-T does not vary and happens to be equal to about 35 per cent. Correspondingly, the total portion of iron, produced by SNe II and SNe Ia-P, is ∼65 per cent. The only effect of the changes in ejected mass consists in redistribution of iron between SNe II and SNe Ia-P. This result confirms our suppositions made in Sec. 2.2.
The same situation holds for the abundance of iron in the present ISM: about 49 per cent of it was supplied by SNe Ia-T, other 51 per cent were captured from SNe II and SNe Ia-P. And again, these 51 per cent of iron are redistributed between SNe II and SNe Ia-p depending on input parameters. Maoz et al. (2010) The radial distribution of iron computed for DTD function of Maoz et al. (2010) is demonstrated in figure 8 , the corresponding values, computed for the starting ejected masses, are presented in Case 6 of Table 2 . Comparing the results with the ones of Case 1 we see that, the constants γ and ζ are changed significantly: γ has increased by 2.4 times, ζ has decreased about 1.6 times. Nevertheless, the masses of iron synthesized for the age of the Galactic disc in the framework of smooth representation for the DTD function happens to be close to the ones corresponding to Case 1. This statement is also valid for the mass of iron confined in the present ISM.
Smooth DTD function of
CONCLUSIONS
On the basis of a new observational data on abundances of Cepheids we have studied the problem of how much amount of iron was synthesized by various Types of SNe -SNe II, prompt and tardy SNe Ia, for the age of the Galactic disc. For this, we develop a statistical method which enables to evaluate the constants β, γ and ζ for the rates of synthesis of oxygen and iron without any preliminary suppositions like the equipartition among the above 3 Table 2 . Constants β (in Gyr), γ and ζ (dimensionless) for the rates of synthesis of iron and masses, M F e (in 10 7 M ⊙ ), synthesized by various Types of SNe during the age of the Galactic disc (columns denote by 'Galaxy') and confined in the present interstellar medium (columns denote by 'ISM'). Their random errors are given in parenthesis in the second row of Case 1). The ratio of the masses of iron supplied by various Types of SNe is given in per cent for each Case Case 3. The same as in Case 1, but P II O = 3.7, see text.
Case 4. The same as in Case 1, but P II F e = 0.14 - Thielemann et al. (1996) Case 5. The same as in Case 1, but P Types of SNe. To do that, we develop a theory of iron and oxygen synthesis in the Galactic disc. This theory explains the nontrivial distributions along the Galactic disc of oxygen which demonstrates the bend in the radial gradient at r ∼ 7 kpc with a rather steep gradient for 5 < r < 7 kpc and a plateau-like distribution in the region of 7 < r < 10 kpc, as well as the multi-slope radial distribution of iron in the same range of the Galactocentric radius. In order to understand the mechanism of formation of such fine structure of radial distributions of oxygen and iron we use two main ideas.
First, there are 2 Types of SNe Ia -prompt SNe Ia which progenitors are short-lived stars no older than 100 Myr and tardy SNe Ia whose progenitors may have the ages in the range from 100 Myr to 10 Gyr. For the Delay Time Distribution function we study both the bimodal approximation of Matteucci et al. (2006) and smooth representation of Maoz et al. (2010) .
Second, we take into account the influence of spiral arms on the formation of the fine structure in the radial distribution of oxygen and iron in the Galactic disc. To realize that, we use the representations for the rate of explosions of short-lived SNe progenitors -SNe II and SNe Ia-P, proposed by Oort (1974) Besides, by means of the proposed statistical methods we may estimate the contributions of the 3 Types of SNe to iron synthesis without any preliminary suppositions. The results are as follows. For the age of the Galactic disc about 35 -38 per cent of iron was produced due to SNe Ia-T and this portion does not varies depending on the input parameters. The total portion of iron produced by SNe II and SNe Ia-P is of the order of 65 per cent. However, the ration of iron between SNe II and SNe Ia-P may changes depending on the ejected mass of oxygen (!) or iron per one SNe II event. Nevertheless, the amounts of iron synthesized by the 3 Types of SNe do not differ significantly from the ones adopted by Matteucci (2004) .
However, for the present ISM the situation is another. Thus about 50 per cent of iron in ISM was supplied by SNe Ia-T. The portion of it produced by SNe Ia-P varies from 26 to 42 per cent. Correspondingly, about 9 -25 per cent of iron, injected by SNe II, was captured by ISM.
At last, the total mass of iron supplied to the Galactic disc during its life by all Types of SNe is ∼ (4.0 ± 0.4) · 10 7 M⊙, the mass of iron in the present ISM is ∼ (1.20 ± 0.05) · 10 7 M⊙ i.e., about 2/3 of iron is contained in stars and stellar remnants.
Our computations show that the result weakly depend on the exact shape of the DTD function -bimodal (Matteucci et al. 2006) or smooth (Maoz et al. 2010 ). We only need that there have to be a subpopulation of SNe Ia which progenitors are young, i.e. their ages are not more than 100 Myr in order we can to use the idea that spiral arms influence the formation of radial distribution of iron. Our infer may be considered as an argument in favour of the above estimate for the prompt SNe Ia progenitors. The result of Bartunov et al. (1994) , that a significant portion of SNe Ia is concentrated in spiral arms, supports this idea.
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